The alkaline direct alcohol fuel cell (ADAFC) is an environmentally friendly electrochemical energy source that can drive a plethora of consumer and portable electronics. Research in ADAFCs has continued to attract major attention due to their several advantages over conventional proton-exchange membrane fuel cells (PEMFC); these include the emergence of anion-exchange membranes (AEM), easy handling of liquid alcohol fuels compared to hydrogen, higher volumetric energy densities of alcohols compared to hydrogen, enhanced reaction kinetics of alcohols and oxygen reduction reaction in alkaline media. Further developments in this field are dependent on improving the performance of nanostructured electrocatalysts and AEMs. This review is an overview of some notable advances made in recent years. Importantly, it provides an excellent insight into the fundamental principles that allow for the intelligent design and synthesis of non-precious metal nanostructured electrocatalysts for the cathode and anode reactions of ADAFCs. This review is an attempt to find answers to questions such as "Why should I use a particular catalyst for the ADAFC?", "What are the underlying principles that must inform my choice in designing such a catalyst?", and "What synthesis method(s) or catalyst supports should be considered to prepare catalysts with the appropriate physicochemical properties for high-performance?" The knowledge provided in this review can be applied not only to ADAFCs, but also to several other electrocatalytic systems (such as various other fuel cell systems, electrochemical sensors, and metal-air batteries).
Introduction
The last ve years, more than any other in the history of mankind, have witnessed the most important developments in the global quest for a clean and sustainable environment. These developments include the United Nations' Sustainable Development Goal (SDG), the recent landmark agreement by 195 countries to protect the environment and avoid the global temperature rising by the 'psychological' 2 C at the Paris programmes spanning several areas of materials science and engineering, from renewable energy technologies (such as fuel cells, lithium-ion batteries, and supercapacitors) to smart electrochemical sensors (for health, environmental, and industrial applications). Prof Ozoemena has authored/co-authored over 140 peerreviewed articles, 3 edited books, 10 book chapters and 7 patent applications. He is an elected Fellow of the African Academy of Science (FAAS), Fellow of the Royal Society of Chemistry (FRSC), and currently holds extraordinary/visiting professorships at the University of Pretoria and the University of the Witwatersrand, South Africa. He serves on the editorial Boards of several leading journals, including Electrochemistry Communications and Current Opinion in Electrochemistry.
meeting of the United Nations' twenty-rst session of the Conference of the Parties and the eleventh session of the Conference of the Parties, serving as the meeting of the Parties to the Kyoto Protocol (COP 21/CMP 11), and the Obama Climate Action Plan, to name a few. Countries and businesses that had ignored the impact of global warming are retracing their steps and supporting efforts for a sustainable environment. These developments promise to stimulate new research directions in low-carbon investments and innovations in renewable energy technologies (such as fuel cells) in the coming decades.
A fuel cell (FC) may simply be described as an electrochemical device that can directly convert chemical energy to electrical energy. Direct alcohol fuel cells (DAFCs) are acidbased fuel cells, while alkaline direct alcohol fuel cells (ADAFCs) operate in alkaline media; both directly oxidize alcohols, generating electricity in the process. Both DAFCs and ADAFCs have several advantages over their hydrogen-fed counterparts, proton-exchange membrane fuel cells (PEMFCs) and alkaline fuel cells (AFCs). One of the main challenges with hydrogen is that it is not a primary fuel; it is obtained from many other sources, such as coal-to-gas processes, electrochemical water-splitting or electrolysis, and reforming of natural gas.
1 Also, large-scale production and storage of hydrogen are fraught with challenges. The challenges associated with the use of hydrogen necessitated the search for potential liquid fuel alternatives. Although the AFC is the most mature fuel cell, its major technical problem of progressive carbonation of the electrolyte due to CO 2 contamination from air remains to be solved. At the anode, the concentration of CO 2 is 20-30% with reformed hydrogen. In addition, CO 2 can be generated even at the open circuit voltage or at low current densities due to the slow rate of corrosion of the carbon support for the Pt catalysts.
Alcohol-based fuel cells attract a lot of attention as possible alternative power sources for portable and consumer electronics. Low-molecular-weight alcohols (methanol, ethanol, ethylene glycol, and glycerol) have been considered as potential alternatives to hydrogen because of their several advantages over hydrogen; they are liquids at ambient temperature and pressure, thereby easy to handle, store, distribute, or transport. [2] [3] [4] Moreover, the gravimetric energy densities of these alcohols (5-8 kW h kg
À1
) are close to that of gasoline (12 kW h kg À1 ) and they can be obtained from renewable sources such as biomass. The direct methanol fuel cell (DMFC) has been well described in the literature as the most promising DAFC system for portable application due to its many advantages, such as the ease of transport, storage and distribution of methanol. However, the key challenges that still conspire against the widespread commercialisation of DMFCs include the exorbitant cost (due to precious catalyst and membrane-electrode assembly (MEA) parts) and low power density or low cell performance compared to the proton-exchange membrane fuel cells (PEMFC) (due to poor kinetics of the anodic methanol oxidation reaction, poor proton conductivity, and methanol crossover through the polymer electrolyte membrane). To resolve the proton conductivity and methanol crossover, the proton electrolyte membrane must be able to lter off methanol but allow protons to pass through to the cathode. ADAFCs have numerous advantages over DAFCs due to the facile electrochemistry in alkaline media. Alkaline environments provide unique characteristics for the efficient operation of alkaline-based fuel cells (hydrogen or alcohol fuels) with respect to both cathode and anode kinetics: [5] [6] [7] (i) faster kinetics of the ORR and alcohol oxidation reactions (AOR) allow the use of low-cost, non-noble-metal electrocatalysts; (ii) facile AORs at low anodic overpotential; (iii) reduced alcohol cross-over; (iv) enhanced water management, since the electro-osmotic drag will remove water formed at the anode through the cathode side, avoiding the possibility of water-ooding; (v) reduced risks of the electrode materials being subjected to corrosion, thus ensuring longevity; and (vi) reduced risk of the spectator ions adsorbing onto the MEA, which might hamper the electrocatalytic process. Also, Pt is easily poisoned by CO during AORs in acidic media, but this poisoning effect is very weak in alkaline environments, which means that it is possible to employ low-cost electrocatalysts compared to platinum. 8, 9 Recent advances in the preparation of chemically stable alkaline anion-exchange membranes (AEMs) have begun to open windows of opportunity for the development of highperformance AFCs and ADAFCs. AEM-based alkaline fuel cells (AEM-AFCs) have several advantages over conventional AFCs or ADAFCs: (i) there is no carbonate precipitation, since there are no mobile cations in the system; (ii) there is no electrolyte weeping; (iii) alcohol crossover is reduced; (iv) since water generated at the anode is consumed at the cathode, water management is potentially simplied; and (v) corrosion is reduced.
There have been other related reviews, but they are either relatively old (if one considers the 'hotness' or the fast pace at which the subject is moving) or limited in information on relevant sub-topics. For example, Bidault et al. 10 dwelt only on gas diffusion cathodes, while Antolini and Gonzalez 11 focused on ADAFCs, but with limited information. As a contrast, this review is aimed at closing the knowledge gap by providing a more comprehensive insight into recent developments in AORs and ORRs in alkaline media, and AEM-based DAFCs (AEM-DAFCs, Fig. 1 ) using Pt-free nanostructured electrocatalysts are presented. Importantly, some basic principles underlying the design and development of nanostructured electrocatalysts are discussed.
reason is that the nanoparticles permit facile surface restructuring, unlike single crystals. It should be noted that surface restructuring constantly occurs to adapt to the adsorbate and thus the chemistry that takes place. Atoms close to the surface of small clusters are freer to move, since they have fewer neighbours to obstruct their movements compared to large single crystals.
The electrode reaction, dened as the current density drawn under an overpotential, I (amperes per surface area of the electrode), is given by the following equation:
where j is the specic current density (amperes per real electrocatalyst surface area), s is the specic surface area of the electrocatalyst (real catalyst surface area per mass), and w is the amount of loaded electrocatalyst (mass per projected electrode surface area). Eqn (1) can be interpreted in several ways. For example, it suggests that when expensive precious noble metals (e.g., Pt, Ru, or Pd) are deployed as catalysts, it makes more economic sense to simply increase j and s without increasing w. The value of j can be increased by the co-operation of different metal catalysts (multi-metallic catalysts), by addition of adatoms, or by an alloying process. The value of s can be increased if metal catalysts are dispersed as nanoparticles on highsurface-area support platforms.
(i) Effect of particle shape and surface structure. The critical determining factor for the electrocatalytic properties of a catalyst is the surface structure (i.e., particular style of faceting or the prevailing crystallographic directions and planes in the catalytic material, also known as the Miller indices) and not necessarily the shape of the nanocatalyst.
14 However, some shapes are preferred as they tend to give rise to the preferred atomic arrangement for enhanced electrocatalytic activity. Thus, what some researchers believe to be shape-dependent electrocatalytic activity is simply shapes of catalysts that give the right surface structure (Miller indices) for enhanced electrocatalysis. It is advisable, therefore, that every study attempts to explore the correlation between shape and surface structure, with a view to synthesizing nanocatalysts with shapes that give a preferential surface structure. For example, Hao and coworkers 15 reported that cubic Pd nanocrystals (7 nm) exhibited much better electrocatalysis toward methanol oxidation in alkaline media (in terms of overpotential and large current response) compared to their spherical counterparts of a similar size. The result was attributed to the cubic nanocrystals, which contain more of the highly catalytically active {100} facets than the spherical nanocrystals. Similarly, Narayanan and El-Sayed 16 proved in 2004 that Pt nanoparticles with a tetrahedral shape (4.8 nm) showed much faster reaction kinetics compared to the corresponding 'near-spherical' nanocrystals (4.9 nm) because the corner atoms of the tetrahedral particles are much more reactive than those of the spherical nanocrystals. It has been well documented that low-index crystal planes generally give poor catalytic properties, while high-index planes with a high concentration of atomic steps, ledges, and kinks generally give high electrocatalytic activity and stability. [17] [18] [19] [20] High-index planes are characterized by having at least one Miller index greater than 1. Today, one of the biggest challenges that confronts researchers is the ability to tune synthetic strategies that will produce nanocatalysts with only, or dominated by, high-index facets. This challenge should perhaps not be totally surprising if one understands that the high surface energy of a high-index plane allows it to respond much faster to the particle growth rate during synthesis than a low-index plane, thus leading to its rapid disappearance as the synthesis proceeds. According to Wang, 21 the surface energy of different crystal planes of facecentered cubic (fcc) metals decreased in the order g{hkl} > g {110} > g{100} > g{111}. The implication of this trend is that during shape-controlled synthesis of nanoparticles via conventional chemical methods, the growth rate along the normal direction of a low-index facet with low surface energy is much slower than in the direction perpendicular to a high-index facet. In other words, rapid growth in the direction perpendicular to high-index facets leads to rapid loss of high-index facets in favour of low-index facets, yielding NCs with cubic shapes, cuboctahedrons, tetrahedrons, and octahedrons.
17
The Fig. 1 Schematic of anion-exchange membrane-based direct alcohol fuel cell (AEM-DAFC).
inherent nature of nanocatalysts with high-index facets (extremely small-sized nanoparticles, with features only visible with high-resolution TEM) makes them suitable to positively impact on j and s in eqn (1) .
The use of unit stereographic triangles (Fig. 2) to illustrate the co-ordinates of different crystal planes has been welldocumented in the literature, and is not intended to be repeated here. However, a short summary here may be appropriate to remind us of the Miller indices. As shown in Fig. 2 , the three low-index or basal planes (i.e., (111) , (100) , and (110)) are at the three vertices, while the high-index planes (i.e., (331), (311), (310), (751), etc.) are located at the sidelines (i.e., (001), (011), and (110)) and inside the triangle. The (111) and (100) planes comprise closely packed and highly coordinated surface atoms, and the (110) plane comprises step atoms, whilst the high-index planes comprise kink atoms. Surface atoms are easily differentiated from one another by the so-called coordination numbers (CNs), which are the numbers of their nearest atoms; the smaller the CN, the better the electrocatalytic performance of the nanoparticles. The CNs decrease as follows: 6 for planes in zone {001} and inside the triangle, 7 for planes in zones {011}, {110}, and (110), 8 for (100), and 9 for the (111) plane. 17 Similarly, for the intrinsic triangle that coordinates the crystal surface index and the shape of metal nanocrystals (MNCs) (Fig. 2) , the vertices describe the coordinates of polyhedral nanocrystals bounded by basal facets, i.e. the cube, octahedron, and rhombic dodecahedron are covered by {100}, {111}, and {110}, respectively. Inside the triangle are found the hexoctahedra bounded by 48 {hkl}, while in the sidelines of the triangle are the polyhedral MNCs, which are the tetrahexahedra (THH), trapezohedra, and trisoctahedra bounded by {hk0}, {hkk}, and {hhl} facets, respectively.
(ii) Effect of particle size. Eqn (1) recognises the need for nano-sized particles (large surface area) for enhanced electrode reactions. There are two phenomena that explain the enhanced electrocatalysis of nanostructured catalysts: (i) an incompletely developed band structure: a small number of atoms in a nanoparticle is a clear indication of an incompletely developed band-structure, meaning that the electronic properties will be different from those of the bulk metal; and (ii) a low coordination number (CN): the smaller the size of the nanocatalyst, the smaller the number of atoms with low CNs in the surface, hence the electrocatalytic properties are improved. As already indicated, atoms with low CNs are generally more reactive than those with high CNs. It should be pointed out that electrocatalysis is a surface reaction, which simply means that it is only the atoms at the surface of the catalyst particle that can access the reaction intermediates, while those that are buried inside the particle cannot participate in the reaction process. To understand these phenomena, Shao et al. 22 made some unique observations from their investigation of the commonly observed cubo-octahedral Pt particle. Firstly, the CNs of the {111} and {100} edges and vertices are 9, 8, 7, and 6, respectively. Secondly, as the particle size decreases, the fractions of atoms at the edges, vertices, and surface are increased, meaning that the loading of catalysts on electrodes for fuel cell applications can be remarkably reduced by nano-sizing of the catalyst particles. Finally, as the size of the catalyst becomes smaller and dispersion is increased (i.e., increased surface atoms), one observes a substantial reduction in the highly coordinated atoms ({111} and {100}) compared to the low-coordinated atoms at the edges and vertices.
(iii) Effect of lattice-strain. The lattice parameter (a) of metallic atoms signicantly affects the electronic structure, and hence the catalytic reactivity. [23] [24] [25] [26] Compressive strain plays an important role in the electrode reaction; as the size of the metallic nanoparticle decreases (large surface area), compressive strain increases, thus catalytic activity increases with increased compressive strain. It has been well recognised that the amount of strain exerted on the metallic nanoparticles is strongly dependent on the location of the atoms, and decreases as edges/vertices > {111} > {100}. 27 In fact, the strains in the low coordinated atoms are twice as large as those observed in the highly coordinated atoms of {111} and {100}. One of the noticeable effects of alloying or core-shell catalysts (with the precious metal as the 'shell' and the transition metal as the 'core') is increased compressive strain. For example, Strasser et al. 28 studied the impact of the Cu content and preparation temperature on the lattice strain of the Pt shell of a Pt-Cu x @Pt core-shell catalyst and found that the average lattice parameters of the Pt shell (a shell ) were smaller than those of the pure bulk Pt, suggesting that the Pt shells are under compressive strain. Also, higher Cu contents or an increased preparation temperature resulted in a decreased a shell and hence a larger magnitude of compressive strain. Also, in recent studies by Ozoemena and co-workers 25, 26 on an FeCo@Fe@Pd core-coreshell, they observed lattice strains induced in the Pd by the FeCo alloy. This phenomenon can easily be understood from the core-shell model: the lattice mismatch between the shell (Pd) and the core (FeCo) results in a reduced Pd-Pd distance in the shell; the higher the transition metal content in the core, the smaller will be the lattice parameters and hence the higher the compressive strain being induced in the shell.
(iv) Effect of alloying: surface-segregation phenomenon. From the equation of the electrode reaction (eqn (1)), the j value can be improved by strategic co-operation of different metals, by means of adatoms or alloying. 13 Alloying is known to enhance the catalytic activity and/or stability of the base precious metals. The electrocatalytic activity of alloys is strongly dependent on the manner in which the atoms are arranged at the surface of the catalysts. [29] [30] [31] This arrangement of the atoms is inuenced by the ability of the atoms to migrate from the core of the particle to the surface layer (i.e., 'surface segregation'). The phenomenon of surface segregation has been shown by both theory and experiment to be of critical importance in the design and performance of new electrocatalysts. Some of the factors mentioned in the literature that determine surface segregation include the segregation energy, cohesive energy, surface energy, atomic radii, and electronegativity. 32, 33 For example, Wang and Johnson 33 reported that the tendency for atoms in metal nanoparticles to prefer the 'core' or 'shell' position of the alloys can be generally described by two independent factors; (i) cohesive energy (related to vapour pressure) and (ii) atomic size (quantied by the Wigner-Seitz (WS) radius), and the interplay between them. These two independent factors were found to determine the trends for surface segregation preference for atoms in nanoparticles and semi-innite surfaces. Table 1 exemplies the segregation energies (eV) of selected binary alloy nanocatalysts that are relevant for AFC systems. Note that a positive energy value, DE (X)Y , means that the core-shell structure prefers X in the core and Y in the shell, and the larger the value, the greater the tendency. As a contrast, a negative DE (X)Y describes the opposite preference (i.e., X in the shell and Y in the core). For example, for an Ni-core and Pd-shell conguration, the positive SE (+0.46 eV) indicates that the present conguration is preferred, whereas a negative SE (À1.09 eV) for a Pd-core and Ni-shell conguration means that a Pdshell and Ni-core is preferred.
Three decades ago, Yamauchi 34 formulated the rule that an element with a larger Wigner-Seitz radius (lower average electron density) in a binary alloy segregates to the surface. In other words, metallic elements with smaller atomic radii tend to occupy the core to relieve compressive strain. Thus, if one knows the WS radii or the electron densities of metals, one is then able to predict, design and make the desired nanocatalysts. For example, Table 2 compares the Wigner-Seitz radii and electron densities of some metallic elements that are useful for making alloy catalysts for AFC systems. This is in agreement with the recent nding by Ozoemena and co-workers, 25, 26, 35, 36 where Fe was found to occupy the 'shell' position in an FeCo alloy, and Pd occupied the 'shell' position in a high-performance sub 10 nm FeCo@Fe@Pd catalyst for alkaline direct alcohol fuel cell systems. Also, in an AgPd nanoalloy catalyst, 37 Ag is predicted to surface-segregate on Pd. It is believed that the enhanced ORR activity on the AgPd alloy was a combination of two factors; modication of the electronic structure and ensemble effects. Alloying was proved to alter the electronic structures of the two metals (by shis in the binding energy in XPS). The ensemble effect simply describes the suitable arrangement of the Ag next to the Pd surface atoms. (v) Effect of catalyst support. A fuel cell is expected to operate for thousands of hours or cycles during its life time. Catalyst-support materials remain one of the most critical components of the fuel cell that will allow for such long operation. Indeed, it is common knowledge that efficient interaction between the electrocatalyst and its supporting material is responsible for some of the important parameters that govern the efficient performance of fuel cells: particle size, catalyst dispersion, and stability. From the equation of the electrode reaction (eqn (1)) we noted that the performance of each of the two electrode reactions of the fuel cell is intrinsically linked to s (i.e., the specic surface area of the electrocatalyst). To increase the value of s, the catalysts must be dispersed as nanoparticles (2-5 nm in diameter) on a high-surface-area support (10-50 nm in diameter). An ideal support for the electrocatalyst should possess the following critical properties: 38, 39 (i) satisfactory electrical conductivity, (ii) strong catalyst-support interaction to reduce the possible deactivation of the catalysts and allow for efficient charge transport, (iii) large surface area, (iv) a suitable porous structure to permit good reactant and product ux, (v) good water-handling capability to avoid ooding, (vi) good resistance to corrosion to allow for high stability in fuel-cell operating environments, and (vii) ease of catalyst recovery.
Catalyst-supports for fuel cells may be conveniently divided into two categories: (i) carbon-based supports and (ii) noncarbon supports. Carbon materials are the most important catalyst-support materials for fuel-cell electrocatalysts. By adopting different types of synthesis methods, different morphologies of carbons have been obtained, including coreshells, spheres, hollow spheres, nanotubes, and onion-like. The importance of carbon as a catalyst-support material stems from its unique advantages, such as easy availability, low-cost, high stability in both acidic and basic media, and ability to be burnt off easily, thus allowing for easy recovery of the precious metal catalysts if needed. Despite these important advantages, carbons are plagued by the following shortcomings, which have limited their performance as catalyst-supports: (i) severe corrosion/ oxidation under normal operating conditions, leading to poor durability of the electrocatalysts as they are electrically isolated or separated from the support, and subsequent aggregation of small particles of these catalyst particles (Ostwald ripening), which can lead to the formation of an inhomogeneous structure over time. 38, 40, 41 Indeed, the main reason for the loss of electrochemically-active surface area (ECSA) of the electrode and the consequent loss of electrocatalytic activity is related to (i) the ability of the small-sized particles to aggregate into large-sized particles via diffusion, accompanied by coalescence or the Ostwald ripening mechanism; (ii) the presence of a large amount of micropores (<1 nm), which can impede fuel supply to the surface, and present a low accessible surface area for the deposition of metal particles; (iii) low polarity and high hydrophobicity, which reduces the permeability of gases and liquids; and (iv) poor stability at temperatures higher than 373 K and lack of proton conductivity.
42,43
Several types of carbons have been investigated as catalystsupports and these include carbon blacks, carbon nanotubes (CNTs), carbon microspheres, carbon nanobers, and graphenes. Theoretical and experimental studies have shown how the physicochemical properties of the carbons can impact on their ability to strongly adsorb catalysts and improve fuel cell performances. Two such key features of the carbons are shapes and structures. For example, Cuong et al. 44 used DFT to unravel the interplay between different carbon supports (i.e., graphene sheet, a metallic single-wall carbon nanotube (SWCNT), and a series of semiconducting SWCNTs) and Pt nano-clusters, in determining the stability and electronic properties of Pt nanoclusters (Fig. 3) . It was established that the Pt clusters were best stabilized by adsorption on carbon nanotubes, rather than on graphene supports, with the adsorption energy of Pt clusters on SWCNTs (4.0 eV) being much higher than that of graphene (2.21 eV).
The enhanced stability of the Pt cluster on SWCNTs was associated with the geometry of the SWCNTs; "due to the curvature-induced pyramidalization and misalignment of p-orbitals of carbon atoms in SWCNT, carbon atoms on the outside wall of the SWCNT have more sp 3 nature than those on a at graphene sheet". 44 This nding could well explain the generally high-performing ability of CNT-supported catalysts compared to catalysts adsorbed on graphite carbons. Considering that the metal-carbon bonding arises from the hybridization between d-states of the metal atoms and p-states of adjacent carbon atoms, this means that the high curvature of the CNTs is able to promote the overlap between p and d wave functions, thus increasing the adsorption energy of metal on CNTs.
Another key feature of a carbon surface that inuences its ability to interact with metal catalysts is surface functional groups. The two main functionalities are oxygen and nitrogen (Fig. 4) . The commonly observed oxygen functionalities are carboxyl (-COOH), hydroxyl (-OH), and carbonyl (-C]O) groups. Although a number of dopants are being reported on a constant basis, nitrogen-doping has emerged as an efficient strategy for tailoring the properties of carbons and tuning the physicochemical properties of carbon materials for a plethora of applications. 45 For the nitrogen-doped carbons (Fig. 4) , the three most commonly observed are the pyridinic, pyrrolic, and graphitic nitrogen groups. The main goal of surfacefunctionalization of carbon materials is to improve their hydrophilicity (e.g., treatment with acids and bases) or hydrophobicity (e.g., treatment with organic compounds such as benzene), with a view to enhancing their dispersibility in solvents and permitting anchorage of the metal catalysts. CNTs are attractive supports for electrocatalysts due to their excellent mechanical strength, high-surface area, high conductivity and, of course, their inherent geometry, which allows for the high binding energy with metal catalysts, as described above.
The surface-functional groups provide the binding sites for the growth of the metal catalyst ions. The conventional method for surface-functionalisation of CNTs, and indeed any carbon materials, involves treatment with acids or bases, a simple chemical treatment that permits the introduction of surface groups, such as carboxyl, hydroxyl, phenolic, sulfonyl, or sulte groups on the carbon surfaces. About a decade ago, Kim . The authors showed that the size and the catalystloading were strongly dependent on the surface characteristics of the carbon blacks: BCB-supported Pt yielded the smallest particle size (2.65 nm) and the highest loading (97%) compared to the other carbons investigated. The electroactivity of the catalyst was enhanced with BCBs and NCBs, but deteriorated with ACBs. Another interesting method of improving the surface properties of nanocarbon materials, including CNTs, is sulfonation, [47] [48] [49] which was rst introduced by Hara et al. in 2004 . 50 In a recent review by Kang et al., 47 the authors discussed a number of synthesis methods for sulfonated nanocarbons, including their applications. To improve the sulfonation process, Ozoemena and co-workers 51 rst functionalised pristine CNTs to increase the concentration of the oxo-groups (mainly the -COOH) by a threestep acid-treatment process: (i) reuxing in 2.6 M HNO 3 for 24 h; (ii) sonicating in an H 2 SO 4 /HNO 3 mixture (3 : 1 ratio) for 24 h; and (iii) stirring in an H 2 SO 4 /H 2 O 2 mixture (4 : 1 ratio) at 70 C.
The acid-functionalised CNTs (MWCNT-COOH) were then sulfonated using a mixture of H 2 SO 4 and acetic anhydride at 70 C for 2 h, using the procedure reported by Sun et al. 48, 49 The catalysts were supported on the sulfonated-CNTs (MWCNT-SO 3 H) using rapid microwave irradiation, as shown in Fig. 5 .
Sun et al. 48, 49 showed that a Pd catalyst supported on sulfonated MWCNT (Pd/MWCNT-SO 3 H) had an enhanced catalytic activity for methanol oxidation 48 and the ethylene glycol oxidation reaction.
49 The MWCNT-SO 3 H allowed for uniform dispersion of smaller-sized Pd nanoparticles ($4.5 nm) compared to MWCNT supports that were not sulphonated. The uniform dispersion was associated with the specic electrostatic interactions between negatively charged MWCNTs and positively charged Pd (Pd 2+ ). Ramulio et al. 51 adopted similar functionalization of MWCNTs for the synthesis of bimetallic Pdbased catalysts using a microwave-assisted method, rather than the conventional NaBH 4 reduction method used by Sun et al.
48,49
The authors showed that the catalytic properties of the PdSn catalyst followed this trend: PdSn/MWCNT-SO 3 H > PdSn/ MWCNT-COOH > PdSn/C.
To understand the effect of sulfonation on MWCNT supports, Ozoemena and co-workers recently investigated the catalytic properties of an FeCo@Fe@Pd nanocatalyst supported on MWCNT-COOH and MWCNT-SO 3 H. The core-core-shell Pd-based nanocatalysts (FeCo@Fe@Pd) were obtained by what has been termed "microwave-induced top-down nanostructuring and decoration (MITNAD)", 25 a process whereby a large-sized precursor core-shell alloy (FeCo@Fe, $0.5 mm) was reduced to a nano-sized structure and decorated with a Pd-shell (FeCo@Fe@Pd, #10 nm) by fast microwave irradiation (Fig. 6 ). The authors clearly proved that surface functionalities (mainly -COOH and -SO 3 H) on the MWCNT support played a crucial role in the physico-chemistry of the FeCo@Fe@Pd catalyst toward the oxidation of polyhydric alcohols, ethylene glycol, and glycerol. The FeCo@Fe@Pd/MWCNT-COOH ( thus allowing a more uniform dispersion and higher loading of catalysts than the MWCNT-SO 3 H support (strong acid). Simply stated, the high catalytic performance of FeCo@Fe@Pd/ MWCNT-COOH may be related to the improved electronic properties of the catalyst, coupled with the high affinity of its -COOH surface with the catalyst. It should be noted, however, that this nding is in contradiction to previous ndings, 48, 49, 51 and this may be related to several factors, including the nature of the pristine CNTs used (i.e., the amount of -COOH available), the nature of the alloys (e.g., the arrangement of the Sn on Pd), and the synthesis method used (fast microwave-assisted acidfunctionalization vs. a lengthy hydrothermal reaction). Despite the advantages of chemical oxidation of carbon supports to introduce surface-functional groups, it should be noted that the oxidised sites of the carbon supports may accelerate the degradation process of the support material, thereby inducing signicant aggregation of the catalyst nanoparticles. One of the strategies to avoid the occurrence of these oxidation problems is to wrap the carbon support with polymeric materials that contain appropriate functional groups for the binding of the metal catalyst. For example, Fujigaya and coworkers elegantly wrapped CNTs with polymeric materials that contain nitrogen atoms (i.e., pyridine-doped polybenzimidazole
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) and poly[2,29-(2,6-pyridine)-5,59-bibenzimidazole 53 ], sulfonic acid (i.e., sulfonated polysulfone and sulfonated polyimide 54 ) and phosphonic acid groups (i.e., poly(vinyl phosphonic acid)-doped polybenzimidazole 55 ). The catalysts displayed excellent stability with a durability 10 times higher than that of commercial carbon black/Pt.
To mitigate the problems of carbon-based supports in fuel cells, especially the issue of corrosion, several non-carbon supports for fuel cells are being developed without sacricing the desirable properties of carbon, such as high surface area and high electrical conductivity. The non-carbon materials include the following: (i) conducting polymers, such as polypyrrole (PPY) and polyaniline (PANI); (ii) metal oxides and hydroxides, such as ZrO 2 , CeO 2 , TiO 2 , MnO 2 , and Al 2 O 3 ; (iii) transition metal carbides, such as tungsten monocarbide (WC), and (iv) transition metal nitrides, including binary nitrides (e.g., CrN, TiN) and ternary nitride (e.g., Ti 0.5 Nb 0.5 N) complexes. For more information on these non-carbon supports, the reader is referred to the recent book chapter by Ejikeme et al.
56
(vi) Effect of synthesis method. All the parameters in eqn (1) (j, s, and w) can be inuenced by the synthesis protocol adopted by the researcher. It has continually been shown in the literature that catalysts with the same elemental compositions show different electrocatalytic properties. An important reason for this discrepancy is that the properties of several metal alloy catalysts are highly dependent on the synthesis method and post-treatment protocols. This should perhaps not be totally surprising if one considers that different synthetic techniques or post-treatments are capable of tuning the physicochemical properties of the alloys, such as the degree of alloying, particle size and the surface structure (i.e., Miller indices). For example, Wang et al. 57 proved that PdCu 3 synthesised by a colloidal method exhibited high ORR activity in an acid medium compared to the same PdCu 3 catalyst prepared by a thermodecomposition process; the former method yielded a more uniform alloy and smaller-sized particles than the latter. Also, other workers, such as Raghuveer et al., 58 showed that a ternary PdCoAu catalyst obtained from the micro-emulsion method gave a high ORR activity compared to that obtained from using the NaBH 4 reduction route, because of the higher degree of alloying and smaller-sized particles. Similarly, Liu and Manthiram 59 showed that post-treatment, such as increasing the annealing temperature of a Pd 70 Co 30 /C catalyst from 350 to 500 C, increases the particle size and degree of alloying of the catalyst, thereby decreasing its catalytic activity towards the ORR. The next section is a succinct description of the synthesis methods for various nanoelectrocatalysts for AEM-ADAFCs and their effects on the surface structure.
Synthesis of nanoelectrocatalysts for application in AEM-ADAFCs
As already explained in the preceding section, the catalytic activities of nanostructured electrocatalysts strongly depend upon their elemental composition, size or surface area, shape with the preferred surface structure (exposed surface planes), and the extent of interaction with supports. For an anodic reaction (i.e., the alcohol oxidation reaction), Pd-based metal catalysts are used, while for a cathodic reaction (i.e., the oxygen reduction reaction), non-platinum group metal (non-PGM) catalysts or Pt-free catalysts are used. The catalysts (anodic and cathodic) are synthesized using similar methods. The key synthesis methods can be summarised as chemical reduction, galvanic replacement, seed-mediated growth, and electrochemical deposition. Each of these methods can be used alone or combined with another method to prepare a catalyst. 1.2.1 Chemical reduction method. Chemical reduction (for monometallic catalysts) or co-chemical reduction (for bimetallic or ternary catalysts) is a facile strategy for the synthesis of nanoelectrocatalysts. In this method, various reducing agents, including strong reductants, such as sodium borohydride and hydrazine, and mild reductants, such as alcohols (e.g., ethylene glycol, glycerol, methanol, 1,4-butanediol, and poly(vinyl pyrrolidone) (PVP)), ascorbic acid, and citric acid, have been used to reduce or co-reduce to nanocrystals of corresponding metals. The catalysts are usually dispersed in situ onto the supporting materials. Vulcan XC-72 carbon black remains the state-of-the-art carbon support for various catalysts, while nanocarbon materials (e.g., carbon nanotubes and graphenes) and non-carbon materials (e.g., conducting polymer composite matrices, and tungsten carbide) have also been reported. Microwave-assisted synthesis has also emerged as a facile strategy for the synthesis of various catalysts. Microwave irradiation, unlike traditional chemical methods, is simple, fast and provides homogeneous reaction conditions for obtaining high-performance catalysts. The hydrothermal method is another frequently employed technique due to its simplicity, and ease of shape-control of the metal catalyst.
Surfactants, such as PVP and CTAB, have the ability to tune the physico-chemistry of the catalysts and improve their catalytic performance. For example, Xia and coworkers 60 demonstrated the synthesis of Pt-Pd alloy nanocrystals with welldened shapes and twinned structures by simply heating an aqueous solution of Na 2 PdCl 4 , K 2 PtCl 4 , and PVP at 80 C for 18 h. It was found that this lengthy or slow-reduction synthesis process with a weak reductant was responsible for the formation of the twinned structure. The PVP-mediated slow reduction rate (owing to the hydroxyl terminal group of the PVP) was able to retain the particles at small sizes for a long period of time before nucleation could start. The slow process allows for easy coalescence of small particles into larger particles, thereby reducing the surface-to-volume ratio, thus leading to the formation of twinned structures. When the process was repeated with ethylene glycol, which is a relatively high-rate reductant, a single-crystal structure of Pt-Pd nanocrystals with a truncated, octahedral shape was obtained. Lee et al. 61 obtained Au-Pd nanocrystals (NCs) ( (Fig. 8) . As should be expected, the HOH Au-Pd alloy NCs showed a higher catalytic performance toward the electro-oxidation of ethanol in alkaline media than equivalent RD Au-Pd alloy NCs bound by low-index facets ( Fig. 9c and d ).
Galvanic replacement reaction.
The galvanic replacement reaction (GRR) represents an effective synthetic route for controllably generating various types of bimetallic nanocrystals with different morphologies and surface structures. It is an etching process that does not require the use of hazardous reducing agents, thus it may be regarded as a "green" method for synthesizing nanocrystals. The GRR is a potentialdependent procedure that involves a sacricial metal template and another metal ion in a solution phase. In other words, the GRR occurs by the oxidation and dissolution of the sacricial template, accompanied by reduction of another metal ion and deposition of the resultant atoms on the surface of the template. In principle, the GRR can take place between any pair of metals that possesses an appropriate difference in their redox potentials. The GRR has been used to prepare several catalysts relevant for application in AFCs, e.g., Pd-Ag 62-67 and PdNi.
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Despite the unique advantages of the GRR, the process can be somewhat discouraging due to its complex reaction steps, which require a highly skilled operator. To solve these problems, some attempts are being made by some researchers to 69 reported the development of a non-noble-metal sacricial strategy for synthesising PdAg nanocrystals supported on reduced graphene oxide (RGO). More recently, Fu et al. 65 introduced a straightforward and effective hydrothermal method for the synthesis of high-quality Pd-Ag nanoalloy polyhedrons, following an underpotential deposition (UPD)-based epiphytic reduction mechanism.
1.2.3 Seed-mediated growth. The seed-mediated growth (SMG) process is a bottom-up synthesis method for controlling the shape and structure of nanocrystals. In the SMG process, a pre-synthesized seed of one metal serves as an initial site for the nucleation and growth of a second metal. Briey stated, it involves the use of a seed solution (which contains the metal ions and reductant for the pre-synthesis of the nanoseed particles on a substrate, such as the ITO) and growth solution (which contains the metal ions, reductant, and capping agents for the nucleation, growth, and subsequent formation of the required nanocrystals). SMG is the conventional method for the synthesis of Au nanorods or nanocrystals in aqueous solution, but the method has been adapted by several researchers to control the size and structure of the nanoparticles, including the highly challenging synthesis of Pd nanocrystals covered by high-index facets. For example, SMG has been used to synthesise Pd concave nanocubes (PdCNs) covered by high-index {730} facets, using different capping agents.
70,71 Also, a Cu(II)-assisted SMG protocol has been used to synthesize PdCNs.
72 Unfortunately, however, the SMG processes for these PdCNs involve several steps and yet do not give pure products, which make them disadvantageous for large-scale production. 73 These disadvantages have continued to motivate the search for simpler and more robust techniques for preparing high-quality nanocrystals enclosed with high-index facets. For example, Xie et al. 74 recently introduced an elegant one-pot strategy for the large-scale synthesis of high-quality palladium concave nanocubes (PdCNs) enclosed by high-index {730} facets, using low temperature and an increased concentration of L-ascorbic acid (reductant) in the presence of CTAB (capping agent). Here, again, we observe how a high concentration of AA can positively impact on the morphology and electrocatalytic performance of the Pd NCs. The PdCNs showed good amounts of active sites (most notably, steps, corners and edges) (Fig. 10) resulting in a high-catalytic performance for the methanol oxidation reaction in an alkaline medium, compared to that of Pd nanocubes and commercial Pd/C.
1.2.4 Electrochemical deposition or electro-deposition and treatments. Electrochemical deposition (also known as "electrodeposition") may simply be dened as a process by which a metal catalyst lm or its solid nanostructure is deposited onto an electrically conducting substrate or electrode surface from a solution containing a metal salt precursor. Electrodeposition can be used to form a monometallic catalyst or codeposit two or more metal nanoalloys. Electrodeposition is simple, and can be easily performed using cyclic voltammetry or chronoamperometry. There are several reports on the formation of nanocrystals by electrodeposition, especially Pdbased nanocrystals. For example, Feliu and coworkers 
In 2007, Sun and co-workers 76, 77 rst reported the use of a square-wave potential treatment (SWPT) process for the synthesis of Pt nanocrystals covered with high-index facets. This unique process was able to generate high-index faceted Pt nano-crystals supported on carbon black with a small size (2-10 nm), comparable to that of the standard commercial Pt/C catalysts. 78 Since the introduction of this technique, other workers have also used the technique to transform the shapes of some nanocrystals. For example, Zhou et al. used the technique to transform Pt nanocubes to tetrahexahedra with an average size of $10 nm. 79 The technique was able to transform the surface structure from low-index facets {100} to high-index facets {310}, thereby signicantly improving the electrocatalysis of the ethanol oxidation reaction. In 2010, the same authors 80 slightly modied the technique for the synthesis of palladium nanocrystals with high-index facets, with an average particle diameter of 61 nm. In 2015, Lin et al. adopted the method to synthesize Bi-decorated Pd tetrahexahedral nanocrystals for the ethanol oxidation reaction.
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In 2012, Vizza and co-workers 82 reported a modied SWPT named electrochemical milling and faceting (ECMF). In this method, the authors rst electrodeposited large Pd nanoparticles (35 nm) with low-index facets supported on TiO 2 nanotube arrays (TNTAs), and then applied a two-step SWPT (see Fig. 11 ) involving "heavy" and "mild" oxidation-reduction steps that nally yielded Pd nanocrystals of a small mean particle size of 7 nm (milling) and high-index facets (faceting) (Fig. 12) . The obtained TNTA-modied Pd nanocrystals exhibited improved electrocatalysis towards the EOR (in terms of current density, mass-specic activity, and onset potential) compared to the as-deposited TNTA-Pd. 
Nanocatalysts for alcohol oxidation reaction (AOR) in alkaline media

Introduction: an overview of the general reaction mechanism
The various advantages that characterize the use of alkaline media in the efficient electrocatalytic oxidation of alcohols have been elegantly reviewed by Bianchini and Shen.
3 Some of the advantages include: (i) the possibility to deploy low-cost nonprecious metal catalysts; (ii) improved kinetics at low overpotentials; (iii) reduced ability of the reacting alcohol to crossover from its anodic compartment to the cathodic side; (iv) improved water management of the cell; water is generated at the anodic compartment where water already exists, while water is removed from the cathodic compartment via electro-osmotic drag, thereby preventing the possibility of water-ooding; (v) minimum corrosion risks for the electrode materials; and (vi) minimum risks of the adsorption of the spectator ions onto the MEAs. In addition, catalyst poisoning is very weak in alkaline media.
5,6
The two most investigated monohydric or primary alcohols are methanol and ethanol, while the polyhydric alcohols are glycerol and ethylene glycol. The popularity of these alcohols in ADAFCs stems from their unique advantages of high gravimetric and volumetric energy densities ( Table 3 ). The volumetric energy density of each of the alcohols (ca. 5.0-7.5 kW h L
À1
) is slightly lower than that of gasoline (ca. 9.5 kW h L À1 ) and anthracite coal (ca. 10.2 kW h L À1 ), but much higher than that of hydrogen (1.6 kW h L À1 ) or lithium-ion batteries, or electrochemical capacitors (<0.02 kW h L À1 ). Also, one oen nds that KOH is the most important electrolyte for the AFC and ADAFC systems, rather than its NaOH counterpart, and this should perhaps not be surprising as KOH is less caustic than NaOH, which means that the degradation of some of the components of a fuel cell, such as the gaskets, will be milder than with NaOH. In addition, KOH is ionically more conductive than NaOH, which means that the ohmic overpotential losses are higher with NaOH than with KOH.
With the exception of methanol, which requires 6 electrons for complete oxidation, the oxidation of higher alcohols is more difficult, as they require between 10 and 18 electrons for complete oxidation. Presently, much effort is being devoted to improving their electro-oxidation performance by utilising Pd-based bimetallic and ternary catalysts, and understanding the underlying mechanisms.
83-85
From the "bi-functional theory", 86 the electro-oxidation of primary alcohols (e.g., methanol and ethanol) to CO 2 and R-COOH (or CO 3 2À and R-COO À in alkaline medium) requires the activation of H 2 O under OH adsorbed species (OH ads ) at the catalyst's surface, to provide the extra oxygen atom and to complete the AOR, in accordance with eqn (2)-(6), occurring in alkaline electrolyte:
Pd-(RCO) ads + Pd-OH ads À / Pd-(RCOOH) + Pd rds (5)
Eqn (2) and (3) relate to the fast dissociative adsorption of alcohol on the catalyst surface. Eqn (5) is the rate-determining step (rds), which means that the AOR strongly depends on the coverage of the adsorbed acyl and hydoxyl species, RCO ads and OH ads , on the surface of the nanocatalyst, generally leading to the formation of the acetate. Nano-sizing of the catalysts improves the rate of hydroxyl adsorption on the catalyst surface.
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Some researchers have shown that the catalytic performance of Pd nanocatalysts for the AOR in alkaline media (in respect of activity and stability) can be greatly enhanced by incorporating catalysts with metal oxides (such as NiO, CeO 2 , Co 3 O 4 , and Mn 3 O 4 ). [88] [89] [90] Indeed, the metal oxides play the same role as Ru in the PtRu/C catalysts in the bi-functional mechanism by increasing the concentration of OH ads species on the surface of the electrocatalyst for C-C bond cleavage and formation of the nal oxidation products. Similarly, the enhancing catalytic role of metal oxides has been attributed to the so-called spillover of the primary oxide (M-OH).
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It should be pointed out that the mechanism of the AOR in alkaline media is intriguing as it is somewhat controversial and unclear. It is undeniable, though, that the reaction steps are mediated by both the solution/electrolyte conditions and metal catalyst. Two recent studies can help explain this point. In 2011, Koper and co-workers 92 reported that the AOR in alkaline media on a gold electrode follows the Hammett-type correlation (the lower the pK a of the alcohol, the higher its reactivity) as exemplied by this trend:
According to the authors, this trend is due to the solution hydroxide, which leads to the initial base-catalysed deprotonation reaction of the alcohol as the rate-determining step (rds), followed by the fast gold-catalysed deprotonation step. They concluded that the "base catalysis is the main driver behind the high oxidation activity of many organic fuels on fuel cell anodes in alkaline media, and not the catalyst interaction with hydroxide".
92
In 2015, interestingly, Coutanceau and co-workers 93 studied the same alcohols in alkaline media using Pd-Sn catalysts and obtained exactly the opposite trend:
Isopropanol (pK a ¼ 17.1) > ethanol (pK a ¼ 15.9) > ethylene glycol (pK a ¼ 14.77) > glycerol (pK a ¼ 14.15)
According to the authors, the rds is not the initial base catalysis, as in the case of the gold electrode, but the ability of the catalyst surface to dissociatively adsorb the reacting alcohol or quickly desorb the reaction products of the AOR. They attributed the higher reactivity of the isopropanol to the ease by which the acetone desorption (i.e., the rds of isopropanol oxidation on the Pd-Ni catalyst 94 ) occurs at the catalyst surface, compared to the more difficult dihydroxyacetone desorption (i.e., possible rds of glycerol oxidation) from the catalyst surface.
Electro-oxidation of monohydric alcohols 2.2.1 Methanol oxidation reaction (MOR).
The methanol oxidation reaction (MOR) is a well-reviewed subject in the literature. The attention towards the MOR is due to the simplicity of methanol in both structure (it has just one carbon atom) and electrocatalysis (compared to ethanol, with faster electro-oxidation kinetics due to the involvement of a small amount of electrons, coupled with the ease of activation of the C-H bond compared to the C-C bond). The complete oxidation of methanol to CO 2 (or carbonate in alkaline media) requires six electrons (see Fig. 13 ):
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The main disadvantage of methanol is its toxicity. Compared to other known metals, Pt gives the best catalytic activity toward the MOR, both in acidic and alkaline solutions. The activity of Pd toward the MOR in alkaline solution can be greatly enhanced by incorporating another metal in the alloyed form (such as PdNi/C) 96, 97 or in the oxide form (such as Pd-NiO/C), 98,99 thus explaining the reason why most reports today on the MOR in alkaline media deploy Pd-based bimetallic nanocatalysts. The promoting effect of Ni or its oxide form should perhaps not be surprising, as Ni has long been known to oxidize primary alcohols to acids, 100 as shown in eqn (7) and (8). When Ni is placed in alkaline solution, it is covered with a layer of nickel hydroxide; the surface transformation and subsequent electrooxidation of the alcohol to organic acids are normally written as follows:
The NiO is said to promote the anti-poisoning properties of the PdNiO/C catalyst. Indeed, the last ve years have seen an increase in research activities aimed at improving the catalytic activity of nanostructured Pd-based bimetallic catalysts for the MOR in alkaline media.
Recently, some non-precious metal oxides (notably, oxides of tin, cobalt, and nickel) have been reported as viable nanocatalysts for the MOR. Shi's group 101 showed that nanocomposites of tin oxide nanocrystals ($3 nm) homogenously decorated on the surface of mesoporous zeolite (i.e., SnO 2 /m-ZSM-5) exhibited high and stable electrocatalytic properties for the MOR, comparable to Pt/C. According to the authors, the enhanced performance was related to the excellent tolerance of CO poisoning, stemming from the synergistic interaction between SnO 2 and m-ZSM-5. In 2016, Asghari and co-workers 102 showed that hierarchical nanostructured tin-oxide-decorated polypyrrole on nanoporous copper (porous Cu/PPy/SnO x ) showed enhanced MOR catalysis compared to its smooth Cu/PPy/SnO x and porous Cu/PPy counterparts. The improved performance was attributed to factors such as the ability of the SnO x to bring about the adsorption of MOR intermediates and oxidation of the products, such as CO, permitting the dehydrogenation of the alcohols, including the increased microscopic surface area of the electrodes. Wu et al. 103 reported that a Co 3 O 4 /NiO core-shell nanowire array (with mesoporous nanowire core and branched nanoake shell), obtained by combined hydrothermal and electrodeposition methods, showed excellent electrocatalysis toward the MOR compared to its single Co 3 O 4 nanowire array. The enhanced performance was attributed to the synergy between the core-shell architecture, which allowed for fast kinetics and a lower overpotential. An interesting nding on the electrocatalytic properties of NiO x and MnO x was reported by Saleh's group. 104 According to the authors, electrodeposited NiO x and MnO x nanocomposites on glassy carbon provided an excellent catalyst platform for the MOR, but to achieve the desired catalytic effects, NiO x must be sitting on the MnO x surface, and not the other way around (i.e., GC/MnO x /NiO x ). The enhanced activity was ascribed to the enhanced adsorbability of MeOH on the MnO x . Indeed, these reports are highly promising for the development of precious metal-free catalyst design for alcohol oxidation.
Ethanol oxidation reaction (EOR).
Ethanol is regarded as the most plausible candidate to replace methanol in DAFCs. Ethanol possesses several advantages over methanol, and these include low toxicity, the ability to be produced on a large scale from renewable sources (e.g., from agricultural products), ease of transportation, and higher energy density compared to methanol (i.e., 8.0 vs. 6.1 kW h kg À1 ). It is well established that the main oxidation products of ethanol in acidic media are carbon dioxide (CO 2 ), acetaldehyde (CH 3 CHO), and acetic acid (CH 3 COOH). As summarized by Camara and Iwasita 105 (and depicted in Fig. 14) the total oxidation to CO 2 involves a 12-electron process, while the partial pathway involves 2-electron and 4-electron processes for CH 3 CHO and CH 3 COOH, respectively. The breaking of the C-C bonds to attain the total oxidation to CO 2 (or the carbonate for the alkaline media) is the major problem with the EOR, thus the dominating pathway is the partial oxidation pathway. The partial oxidation pathway simply indicates that the number of electrons extracted during the EOR is grossly limited, meaning that fuel cell utilization efficiency is considerably lowered.
Unlike the MOR, the EOR in alkaline solution is more feasible with a Pd than a Pt catalyst. To realize the bifunctional mechanism, the majority of the EOR studies in alkaline electrolyte in the last ve years have focused on Pd-based bimetallic catalysts, such as Pd-Ag, [106] [107] [108] [109] 
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The underlying mechanisms of the Pd-catalyzed EOR in alkaline media, established from in situ spectroscopic techniques, are intricately linked to factors such as the pH electrolyte, electrode potential, water, and adsorbed acyl and hydroxyl species. Recently, using in situ FTIR spectroelectrochemistry, Fang et al. 123 proved that breaking of the C-C bond of ethanol at the Pd electrode is dependent on the pH of the electrolyte; total C-C bond breaking occurs only at pH # 13, while at pH 14, partial oxidation occurs, with acetate being the only oxidation product of the EOR, indicating that the faradic efficiency of the EOR with Pd is lowered at an elevated alkaline pH.
The effect of the applied electrode potential on the cleavage of C-C bonds in the EOR was recently established by Yang et al., 124 from in situ attenuated total reection surface enhanced infrared adsorption spectroscopy (ATR-SEIRAS). From their ndings, the authors proposed a 2-way mechanistic pathway (Fig. 15) . At the open-circuit potential (OCP) or lower potential (<À0.1 V) an adsorbed acyl species (CH 3 CO ads ) is formed, which is further electro-oxidized through a C2 pathway to form CH 3 COO À (at high anode potentials, >À0.4 V) or a C1
pathway to CO ad and CH x and eventually to CO 2 (at low potentials). A recent study on ab initio molecular dynamics simulations by Sheng et al. 125 demonstrated the importance of water and OH ads on the EOR mechanism on a Pd electrode in alkaline media. As depicted in Fig. 16 , ethanol adsorbed in the IHP on Pd(111) overcomes a barrier to produce acetaldehyde (CH 3 CHO) rst. However, because of the weak adsorption of CH 3 CHO, the formed CH 3 CHO immediately desorbs to the electrolyte solution, in which a sufficient amount of geminal diol (CH 3 -CH(OH) 2 ) is produced. The CH 3 CH(OH) 2 is more active than CH 3 CHO, to produce acetate (CH 3 COO À ). The authors demonstrated that the EOR in alkaline medium follows a concertedlike dehydrogenation mechanistic pathway in which OH ads plays a critical role. In the inner Helmholtz plane (IHP), OH ads is the active center for dehydrogenation. The initial generation of OH ads is followed by water dissociation (which is the predominant route for the generation of electricity) and then the generation of new OH ads for further dehydrogenation. Thus, it is ethanol decomposition and water dissociation that form the complete electrocatalytic cycle, continuously transferring H to the aqueous electrolyte. The main highlight of this study is that, unlike the traditional multi-step mechanisms that involve several intermediates, the mechanism proposed by these researchers (shown in Fig. 16 ) involves the generation of both acetaldehyde and acetate in a manner that avoided a variety of intermediates, and is proven with experimental observations from in situ FTIR spectroscopy. As should be expected from electrocatalytic reactions (which take place at the electrodeelectrolyte interface), the authors showed that an OH ads -assisted concerted-like mechanism takes place at the IHP (i.e., electrical double layer), while the outer Helmholtz plane (OHP) has little effect on the reaction barriers ($0.02 eV).
Oxidation of polyhydric alcohols in alkaline media: ethylene glycol and glycerol
The oxidation of alcohols, especially the higher alcohols (such as EtOH, EG, and Gly), is better performed in alkaline DAFCs (ADAFCs) than in acidic DAFC devices. The reasons for the deployment of alkaline DAFCs for the higher alcohols are due to the attendant advantages of working in alkaline media, which include; (i) faster anode (AOR) and cathode (ORR) electrode kinetics with the use of non-noble metal catalysts, (ii) little or no poisoning of the non-noble metal catalysts, (iii) faster ORR at high pH, and (iv) higher power density and efficiency compared to acidic DAFCs. Indeed, the highest-performing DAFCs are the AEM-based alkaline DAFC devices.
The most investigated polyhydric alcohols for alkaline DAFCs are EG and Gly, albeit some new ones, such as 1,2-propandiol, 1,3-propandiol and 1,4-butandiol, 126 have recently been introduced. Most of the reports on the oxidation and mechanisms of EG and Gly have been from the group of Vizza and co-workers. 127 Like ethanol, no one has been able to achieve complete oxidation of EG and Gly to CO 2 or carbonate. In fact, the formation of carbonate has generally remained a minor reaction pathway, with a mixture of products being formed. Interestingly, however, Ozoemena and co-workers recently reported how an FeCo@Fe@Pd core-shell-shell nanocatalyst, supported on carboxyl-functionalized multi-walled carbon nanotubes (MWCNT-COOH), electrocatalyzed EG and Gly in an alkaline DAFC device, with high selectivity to carbonate (i.e., 67 and 73% carbonate for EG and Gly, respectively).
26 Fig. 17 and  18 show the proposed mechanistic pathways for the excellent oxidation of EG and Gly, giving carbonate as the main products. For the EG, the Pd-based electrocatalysts tend to oxidize one hydroxyl group (i.e., glycolate formation, path a), with a very small amount of oxalate by direct oxidation (path b). By the small amount of oxalate observed, it may be inferred that further oxidation of the glycolate to oxalate (path d) is not preferred, but rather the formation of the carbonate with a minute amount of formate (path c). Compared to Pd/MWCNT- COOH, FeCo@Fe@Pd/MWCNT-COOH showed a stronger ability to break the C-C bond, thereby producing a larger amount of carbonate (path c).
From the products of the oxidation of Gly, we proposed that Gly is rst oxidized to glycerate (path a), which is further oxidized to tartronate (path c). Direct oxidation of Gly to tartronate (path b) is also possible. By cleavage of the C-C bond, the tartronate is then converted into glycolate and formate, and nally to carbonate (path d). Also, the glyconate can be oxidised to oxalate (path f) as well as to carbonate via the formate route (path e). Interestingly, the oxidation of Gly at the FeCo@Fe@Pd/ MWCNT-COOH gave signicant amounts of carbonate (73%) compared to the Pd/MWCNT-COOH (47%), clearly suggesting that the Pd-based core-shell catalyst is able to completely electro-oxidize Gly with an enhanced faradaic efficiency. This nding is quite unique, especially when we consider that none of the Pd-based catalysts reported to date (such as Pd/C, PdNi/C, and PdAu/C, 128 PdRh/C, 129 PdAu/C and PdNi, 130 and PdPtBi/C) 131 showed selectivity for the total oxidation of glycerol.
Nanoelectrocatalysts for oxygen reduction reaction (ORR) in alkaline media
The oxygen reduction reaction (ORR) is notorious for sluggish kinetics. The poor ORR kinetics are related to a variety of factors, notably the electrolyte pH and reaction temperature. As shown in Fig. 19 , 132 the mechanism of the ORR in acidic and alkaline media is essentially the same: water is the nal product in the direct pathway and hydrogen peroxide in the series pathway in acidic media, while the hydroxide anion is the nal product in the direct pathway, with generation of peroxide in the series pathway in alkaline media. However, in alkaline media, the ORR is greatly enhanced, both thermodynamically (i.e., occurs at a more positive potential) and kinetically (i.e., due to enhanced charge transfer). Also, the highly alkaline electrolyte pH provides a less corrosive environment than the acidic media for the utilization of non-precious metal catalysts, especially for the ORR. Importantly, because these catalysts are highly selective for the ORR, the polarization losses that arise from alcohol crossover from the anode to the cathode can be completely avoided. Readers are referred to the most recent review by He and Cairns, 132 where the ORR in AEM-based alcohol fuel cells has been elegantly described. Here, I will attempt to review some of the latest ndings with respect to the ORR, especially with respect to the utilization of non-noble catalysts.
In alkaline media, platinum catalysts are readily replaceable by non-noble metals (and their alloys). Non-noble metal complexes or platinum-free catalysts are generally not active toward the alcohol oxidation reaction, thus their use as cathode catalysts in ADAFCs is a huge advantage, as the consequences of alcohol cross-over to the cathode can be avoided. The Pt-free catalysts for the ORR in alkaline media can be conveniently categorized as (i) transition metal-based alloys and chalcogenides, (ii) non-noble metal oxides, (iii) metal-nitrogen (M-N x ) catalysts, and (iv) metal-free carbon materials. The common transition metals (e.g., Fe, Co, Ni, Cu, and Mn) mostly exhibit catalytic properties toward the ORR in their alloy forms, rather than their monometallic forms. Typically, these transition metals are alloyed with noble metals to improve the ORR kinetics. Metal alloying, as already described elsewhere in this review, can lead to several advantageous properties, such as changes in the surface morphology, electron density, synergistic 37 The popularity of Pd-based transition metal alloys is related to the fact that ORR activity in alkaline media is energetically more favourable on Pd/C than on Pt/C; the activation energy for the ORR on Pd/C (39 kJ mol À1 ) is smaller than recorded for the Pt/C (48 kJ mol À1 ) at an overpotential of 300 mV. 137 However, unlike Pt/C, Pd/C has been shown to undergo oxidation under the operating conditions of the cathode. To avoid the problem of Pd oxidation, it makes sense that Pd-based alloys are explored.
Transition-metal-based chalcogenides (TMC) have been well investigated for the ORR in acidic media (PEMFC) for more than two decades, but the same cannot be said for the ORR in alkaline media. However, interestingly, new reports describing the application of TMCs for the ORR in alkaline fuel cells have continued to emerge. For example, just recently, Verjulio et al.
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reported the use of CoSe 2 /C as a viable catalyst in a passive, airbreathing, alkaline anion-exchange membrane micro-direct methanol fuel cell (AEM-mDMFC). The catalyst exhibited high tolerance to possible methanol cross-over, thus making the system a potentially suitable device for powering mobile devices. Also, recently, Cao et al. 139 proved that Co 9 S 8 embedded in a porous nitrogen-doped carbon matrix (Co 9 S 8 /N-C hybrid) is an efficient bi-functional catalyst for both the ORR (oxygen reduction reaction) and the OER (oxygen evolution reaction). Interestingly, the Co 9 S 8 /N-C hybrid exhibited comparable ORR activity with Pt/C (20 wt%) and superior OER activity over the state-of-the-art system, RuO 2 /C (20 wt%). The enhanced performance of the electrocatalyst was associated with synergistic effects arising from the covalent interaction between the Co 9 S 8 and N-C, as well as the porosity of the N-C matrix. In a similar vein, Ma and He 140 reported a new TMC catalyst, comprising Co 4 S 3 , Ni x S 6 (7 $ x $ 6), and NiOOH nanocrystals supported on 3D nitrogen-doped graphene-carbon nanotubes (NGC), obtained by an in situ hydrothermal method. The NGC@Co 4 S 3 /Ni x S 6 (7 $ x $ 6)/NiOOH nanohybrid catalyst exhibited enhanced ORR and OER activities over the state-ofthe-art systems, 20 wt% Pt/C and RuO 2 /C. According to the authors, the excellent performance of the TMC system is due to the synergistic effects arising from the multiple active sites of the transition-metal nanocrystals and NGC, coupled with the inherent good conductivity and large specic surface area of the substrates.
The second category, non-noble metal oxides, used in the ORR in alkaline media, include MnO x , [141] [142] [143] [144] [168] [169] [170] [171] [172] and experiment 173 that oxygen-decient b-MnO 2 improves the ORR activity. For example, Cheng and co-workers showed that the introduction of oxygen vacancies in b-MnO 2 material enhanced the catalytic properties of MnO 2 towards the ORR in an alkaline medium (in terms of a lower overpotential and larger current response), following a quasi-4e pathway. This is an important nding, as it provides an important insight into the non-stoichiometric, oxygen-decient MnO 2 species (i.e., MnO 2-d ) in oxygen electrochemistry.
The third category of ORR material is the M-N x -based catalysts. The rst M-N 4 macrocyle, iron phthalocyanine (FePc), was accidentally discovered by Linstead in 1934 . 174 There are several works and reviews on the ORR activity on N 4 -macrocylic complexes. In a recent book chapter by Ozoemena and coworkers, 175 the authors discussed in detail the fundamental principles of the electrocatalytic properties of N 4 -macrocylic complexes (metallophthalocyanines and metalloporphyrins) toward the ORR. The ORR is very sensitive to the nature of the metal centre in the M-N 4 macrocycle. As depicted in Fig. 20 , an oxygen molecule can interact with the metal centre of the M-N 4 macrocycle via "end-on", "side-on", "bridge-cis" or "bridgetrans" congurations. These possible interactions can reduce the O-O bond energy, favoring its rupture.
The Fe and Mn phthalocyanines favour the 4-electron ORR pathway with the rupturing of the O-O bond, [176] [177] [178] while the Co, Ni, and Cu phthalocyanines promote the ORR via the 2-electron mechanism. Interestingly, the electropolymerized Co(II) tetraaminophthalocyanines promote the 4-electron pathway, 179, 180 while the electropolymerized Fe(II) tetra-aminophthalocyanines only favour the 2-electron pathway.
181 Generally speaking, the net catalytic ORR activity of the M-N 4 macrocycle is intricately linked to the central metal ion, with some degree of d-character to permit the co-ordination of the oxygen molecule. Fig. 21 is a volcano plot of the potential of the MPc complexes for the ORR in an alkaline environment at constant current versus the number of "d" electrons. 182 The plot shows that MPc catalysts with d character (i.e., CrPc, MnPc, FePc, and CoPc) exhibit a higher ORR activity than those with ligand character (i.e., NiPc and CuPc). FePc complexes give the highest ORR activity in alkaline media, followed by MnPc and CoPc, conrming that transition metals with almost half-lled d-energy levels show enhanced catalysis. Thus, it is clear that a redox mechanism does not operate for those metals that cannot show the M(III)/(II) transition in the potential window examined for the ORR, as in the case for the NiPc, CuPc, and ZnPc complexes.
The ORR activity occurs within the reduction potential of the metal-O 2 -adduct, and the onset potential of the ORR is linked to the redox potential of the central metal; the more positive the redox potential, the higher the ORR activity. The substituents at the peripheral positions of the phthalocyanine rings have a strong inuence on the MPc-based ORR. Electronwithdrawing substituents (such as the sulfonate and uoro-groups) on the phthalocyanine ring can stabilize the singly occupied molecular orbital (SOMO), while the opposite is true for the electron-donating substituents (such as the methoxy and neopentoxy groups). In other words, electron-withdrawing groups not only decrease the electron density on the transition metal centre (i.e., creating more positive redox potential for such as Fe, Co, or Mn), but they also decrease the SOMO energy gap between the phthalocyanine and the oxygen. Electronwithdrawing functional groups on the phthalocyanine or porphyrin ring are able to shi the energy of the d-orbitals away from the Fermi level, leading to enhanced ORR activity. It should be noted that most studies on M-N 4 macrocyclic catalysts involve adsorption on a carbon support to improve the ORR activity.
Many theories exist for the explanation of the ORR activity in 3d transition-metal coordinated systems and non-metal catalysts, including spin density, charge density, and defects. For M-N x -based catalysts (such as Fe-N 4 and Co-N 4 ), their enhanced ORR activity is thought to originate from their inherent ability to anchor on defects or interplane regions of the carbon-supports. The active sites, as one should expect, are developed by the synthetic methods (e.g., pyrolysis and accompanying temperatures) used in the preparation of the catalysts. For example, it is evident from the work of Mukerjee's group 183 that an optimized pyrolysis method (maximized temperature and atmosphere) is able to integrate Fe-N 4 active sites into the defective pockets on the carbon support, thus enhancing the ORR activity (i.e., large shi of the Fe 2+ /Fe 3+ redox couple and reduced ORR overpotential).
Since 2010, some researchers have continued to show that alloy-based ORR-active catalysts can be conveniently prepared from metallophthalocyanine (MPc) complexes. For example, FeCu/C, [184] [185] [186] FeCo/C, 187 and FeAg/C 188 were prepared by simply pyrolyzing the relevant carbon-supported mixed MPc precursors (i.e., FePc, CuPc, AgPc, and CoPc) at high temperatures (600-1000 C). These bicore MPc-based catalysts were shown to be active towards the ORR in alkaline media. Importantly, it is to be cautioned here that both the pyrolyzing temperature and atmosphere could play critical roles in the catalytic performance of the catalyst. It is possible to generate ORR-inactive metallic species if the pyrolyzing temperature exceeds a certain value. 189 Also, Zhang et al. 190 showed that Co-based catalysts obtained in a nitrogen atmosphere exhibited better catalysis compared to those prepared in argon or carbon dioxide atmospheres.
The next category of ORR catalysts that have begun to capture major research interest are the metal-free nanocarbons (MFNCs). The interest in MFNCs stems from the fact that most nanocarbons satisfy the critical requirements for the ORR to occur: ability to adsorb oxygen, ability to desorb reduction products, large surface area, and sufficient electronic conductivity, which confer on them the physicochemical properties to serve as powerful electron-transfer building blocks and conduits, 191 218 and nitrogen-doped carbon nanobers, 219 to mention just a few. These MFNCs have proved themselves as efficient and highly stable catalysts for the ORR in alkaline media, compared to commercial Pt/C. The performance of these nanocarbons on the ORR activity is strictly dependent on the opened structures of the MFNCs, which allow for enhanced exposure of the active sites of these heteroatoms. This is one of the ndings of the recent work by Vazquez-Arenas and coworkers, 220 in their theoretical and experimental investigation aimed at unravelling the catalytic nitrogen sites on graphene nanosheets for the ORR in alkaline media. However, I should mention that, despite the undeniable role of the heteroatoms on the catalytic activity of the MFCNs, residual metal nanoparticles from the adopted synthesis protocol could also play some role in the ORR activity. For example, in a recent report by Pumera and co-workers, 221 it was established that the enhanced ORR activity with RGO is due to residual metal particle impurities; a similar nding was published in 2006 by the Compton group, 222 for electrocatalysis at some carbon nanotube-modied electrodes.
Like the M-N x catalyst systems, theoretical explanations for the ORR activities at MFNCs abound. The enhanced ORR activity on graphene (and CNT; aer all, the difference between graphene and CNT is that graphene can be regarded as a SWCNT that has been longitudinally unzipped along its axis) is due to the defects and dopants (heteroatoms), which alter the charge density and increase the number of active sites. Lu et al. 205 showed that RGO was characterized by more defects upon doping with nitrogen (N-RGO), explaining the superior performance of N-RGO over its RGO counterparts towards ORR activity. Indeed, it is now well recognised that one of the key strategies to avoid the inefficient 2-electron pathway and realize the more efficient 4-electron pathway for the ORR is to design electrocatalysts containing dopant heteroatoms and structural defects. From theoretical studies (DFT), Zhang and Xia 223 proved that N-doping confers upon graphene asymmetric spin density and atomic charge density, thus making it possible for N-graphene to show superior ORR activity (4-electron pathway). Zhang et al. 224 reported that the ORR activity of N-doped graphene is largely dependent on the nitrogen concentration, with a value of 24-25% achieving the favourable 4-electron transfer process.
MEA fabrication and AEM-DAFC: real-time operation and performance of fuel cells
Most literature reports on nanostructured catalysts for alkaline fuel cells have been based on half-cell reactions (3-electrode congurations) of alcohol oxidation or the ORR, rather than on single-cell reactions (2-electrode congurations). The performance of any fuel cell catalyst is best determined when it is subjected to single-cell operation utilizing the membraneelectrode assembly (MEA). There are a limited number of laboratories across the globe that make efforts to conduct research on AEM-DAFCs. Most MEAs fabricated for AEM-DAFCs employ commercially available AEMs, notably, those produced by Tokuyama® (A201, A901 or A-006), Solvay® and Fumatech®.
According to several literature reports, 132, 134, 225, 226 the fabrication of MEAs for AEM-DAFCs follows some basic steps that can be summarised as follows. First, the catalyst ink for the anode (typically obtained by thoroughly sonicating a mixture of the Pd-based catalyst powder ($90 wt%) and binding agent, such as PTFE (#10 wt%) in a volatile organic solvent, such as propan-1-ol) is air-brushed onto the liquid diffusion layer (such as carbon cloth or nickel foam) to obtain the required AOR catalyst loading (typically, 1.0 mg metal per cm 2 ). For the cathode, a sufficient amount of the ORR catalyst (typically, $70 wt%) is thoroughly blended with an anion-conductive ionomer (e.g., ca. 30 wt% Tokuyama's AS-4) and then uniformly sprayed onto the AEM (e.g., Tokuyama's A201). Subsequently, a gas diffusion layer (GDL), usually a carbon paper, is placed to completely cover the cathode catalyst. The components of the MEA (anode/AEM/cathode) are mechanically sandwiched in a fuel cell system using silicone-rubber gaskets to obtain efficient sealing of the system (see Fig. 22 for a typical home-made air-breathing DAFC cell, fabricated with Plexiglas and goldplated stainless steel plates as current collectors). The capacity of the anode compartment is ca. 20 mL, which should allow for an actual fuel solution of ca. 10 mL. In some cases, prior to assembling the fuel cell device, it may be necessary to obtain better contact of the anode/AEM/cathode system by using a hot press (typically $100
C under a pressure of $2 bars) for a few minutes. 226 Also, prior to use, the AEM is pre-treated by rst soaking in 1 M KOH solution for a few hours (ca. 2 h) at low temperature (ca. 40 C), followed by immersing in 1 M KOH solution at ambient temperature for ca. 24 h, and nally rinsing with deionised water. The fuel cell device can be used to run both the passive and active AEMDAFCs.
The major difference between a 'passive AEM-DAFC' and an 'active AEM-DAFC' is that the former is completely operated in ambient conditions (ca. 25 C, in air, with the alcohol solution in the reservoir diffusing into the anode catalyst layer due to the concentration gradient existing between the reservoir and the anode), whereas the latter is more technically sophisticated and is operated under mechanical conditions (usually 25-80 C, with the alkaline alcohol solutions and pure oxygen gas delivered to the fuel cell system at regulated or controlled ow rates, e.g., 4 mL min À1 for the alcohol solution and 200 mL min À1 for the oxygen gas). For both systems, the anode compartment is usually maintained in a nitrogen atmosphere to protect it from possible contamination from atmospheric CO 2 .
The performance of AEM-DAFCs (passive or active) is determined by their open-circuit voltage (OCV), peak power density, and operating temperature. Table 4 exemplies some of the recent reports on active AEM-DAFCs based on ethanol, ethylene glycol, and glycerol, utilizing some of the catalysts already discussed in this review. Table 4 provides some insights that should be emphasized. Firstly, of the three alcohols, ethanol remains the most investigated fuel. For a greener environment, there is a need for increased research on alcohols that can be obtained from renewable biomass feedstocks (such as glycerol). Glycerol is a biodiesel-derived alcohol (i.e., a waste by-product of the transesterication reaction process for the large-scale production of biodiesel).
227 Unlike other alcohols, there are very limited reports on fuel cells using EG and G as liquid fuels.
Secondly, for the anodic reactions, Pd and Pd-based catalysts are the most preferred, while for the cathode reactions, Febased catalysts (notably, FeCo/C and FeCu/C) combined with Tokuyama's AEMs dominate current studies due to their enhancing properties in AEM-DAFCs. It is to be noted that the performance of the simple Pd/C can be enhanced by alloy formation (e.g. PdIrNi/C and FeCo@Fe@Pd/C) and exploitation of the strong metal-support interactions by utilizing some metal oxide supports (e.g. CeO 2 , TiO 2 , and Ni/NiO). The enhanced performance of Pd nanoparticles supported on titania nanotube arrays (TNTAs) requires some mention as Chen et al. 228 succeeded in achieving an excellent peak power density (335 mW cm À2 ) for AEM-DEFC with 6 mg Pd cm À2 at 80 C.
Thirdly, the best operating conditions seem to involve the deployment of a high concentration of the electrolyte (up to 6 M KOH) and fuel concentrations in the 1-3 M alcohol range. Although a high KOH concentration is necessary for enhanced ionic conductivity for the membrane and electrode layers, and provides the necessary amount of OH À for the high-pHdependent AOR, closer reading of some literature 226, 229 shows that a high KOH concentration alone is not sufficient to provide the required AEM-DAFC performance in terms of improved kinetics and mass transport. For example, Zhao and coworkers 229 showed that for an ethanol-based AEM-DAFC operated with 5.0 M ethanol at 40 C, a higher KOH concentration impacted negatively on the cell resistance, in that the cell resistance increased (from ca. 66.5 to 67.8 U) with an increased KOH concentration (from 1.0 to 4.5 M). According to the authors, the increased cell resistance is the result of the increased anode OH À concentration, which impedes the transport of OH À ions from the cathode to the anode. As a contrast, however, Zhang et al. 230 observed that for a glycerolbased AEM-DAFC operated with 1.0 M glycerol solution at 80 C, the cell resistance decreased at higher KOH concentrations (224.9 mU cm À2 at 2.0 M KOH compared to 151.9 mU cm À2 at 6.0 M KOH). The internal resistance of AEM-DAFCs is a function of the cathode and membrane, which is related to their degree of humidication. Both workers used similar AEMs (28 mm thick), the only difference between the two studies being that one used about 30 wt% of conductive ionomer in the fabrication of their cathode catalyst, while the other lab did not. Considering that the main function of the conductive ionomer is to enhance the electronic and ionic transport, it should perhaps not be completely surprising that the mass transport of the one is better than the other. Therefore, one can infer that the effect of a high KOH concentration on the performance of AEMDAFCs (especially in terms of the impact on the internal resistance of the system) most likely depends on other factors, such as the type of alcohol being oxidized, operating temperatures, and electrode fabrication conditions, such as the presence of quality anion-exchange ionomers.
Conclusions & future perspectives
Alkaline direct alcohol fuel cells (ADAFCs) have emerged as promising electrochemical power sources for consumer and portable electronics. They represent alternative power sources to the conventional direct methanol fuel cells (DMFC) or proton-exchange membrane fuel cells (PEMFCs). Liquid alcohols (monohydric and polyhydric) are much easier to handle than hydrogen, and possess much higher volumetric energy densities than hydrogen. The emergence of anion-exchange membranes (AEMs) has continued to motivate researchers to focus on developing different kinds of nanostructured electrocatalysts for the development of high-performance ADAFCs. This review has provided some insights into the fundamental principles that allow for the intelligent design and synthesis of various types of catalysts with advantageous features, including platinum-free nanostructured electrocatalysts for the cathode and anode reactions of ADAFCs. Indeed, to improve the performance of ADAFCs in the near future (e.g., improved power output and long-term cycling) there is a need for further development of nanostructured catalysts (especially those with high Miller indices) and their promoter metal oxides, AEMs with improved physicochemical properties (improved ionic conductivity, stability, and ability to perform at $80 C). 
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